. Despite being outnumbered by phages, bacteria proliferate and avoid extinction by using various innate phage-resistance mechanisms, such as restriction enzymes and abortive infection 3 . In this Progress article, we describe the clustered, regularly interspaced short palindromic repeat (CRISPR) system, a recently discovered defence mechanism that is remarkable because it confers acquired phage resistance in bacteria and archaea. A hallmark of this system is the arrays of short direct repeats that are interspersed by non-repetitive spacer sequences.Additional components of the system include CRISPRassociated (CAS) genes and a leader sequence (FIG. 1a) .
Brief history of CRISPR research
The first description of a CRISPR array was made in 1987 by Ishino and colleagues 4 , who found 14 repeats of 29 base pairs (bp) that were interspersed by 32-33 bp non-repeating spacer sequences 5 and were adjacent to the isozyme-converting alkaline phosphatase (iap) gene in Escherichia coli. In subsequent years, similar CRISPR arrays were found in Mycobacterium tuberculosis 6 , Haloferax mediterranei 7 , Methanocaldococcus jannaschii 8 , Thermotoga maritima 9 and other bacteria and archaea. The accumulation of sequenced microbial genomes allowed genome-wide computational searches for CRISPRs (the first such analysis was carried out by Mojica and colleagues 10 in 2000) , and the most recent computational analyses revealed that CRISPRs are found in approximately 40% and 90% of sequenced bacterial and archaeal genomes, respectively 11, 12 (BOX 1; TABLE 1). In parallel with this initial analysis of the abundance of CRISPRs 13 , Jansen and co-workers 14 identified four CAS genes that were almost always found adjacent to the repeat arrays. Subsequent studies initiated by Koonin and colleagues 15, 16 and Haft and colleagues 17 detected 25-45 additional CAS genes in close proximity to the arrays. The same set of genes is absent from genomes that lack CRISPRs.
Several hypotheses for the function of CRISPRs have been proposed. In 1995, Mojica and co-workers 7 suggested that the repeats are involved in replicon partitioning, based on their observations that an increase in the copy number of the repeats in Haloferax volcanii results in altered replicon segregation. This effect, however, was not reproduced in similar experiments that were carried out in M. tuberculosis 14 . Based on the presence of several CRISPR loci in some genomes, Jansen and colleagues 14 suggested that CRISPRs are mobile elements, whereas Makarova and colleagues 15 suggested that the CRISPR system is involved in DNA repair, as many CRISPR-associated genes contained DNA-manipulating domains. In 2005, three research groups reported that the spacer sequences often contain plasmidor phage-derived DNA, and proposed that CRISPRs mediate immunity against infection by extrachromosomal agents [18] [19] [20] . Bolotin and co-workers 20 also reported on a negative correlation between the sensitivity of bacteria to phage infection and the number of CRISPR spacers in their genome. Recently, Barrangou and colleagues [21] [22] [23] confirmed this hypothesis experimentally by showing that new spacers that were acquired following phage challenge confer resistance against the phage. Their discovery is discussed in more detail below.
Structural features of CRISPR systems CRISPR arrays and CAS genes (which together form the CRISPR system) vary greatly among microbial species. The direct repeat sequences frequently diverge between species 14, 24 , and extreme sequence divergence is also observed in the CAS genes 16 . (FIG. 1a) .
Repeats. In a single array, repeats are almost always identical with respect to size and sequence 14 . Despite being divergent between species, repeats can be clustered, based on sequence similarity, into at least 12 major groups 11 . Some of the larger groups contain a short (5-7 bp) palindrome -hence the word 'palindromic' in the CRISPR acronym 14 . These palindromes have been inferred to contribute to an RNA stem-loop secondary structure of the repeat existence of compensatory mutations in the repeats that maintain the stem structure and by observations that the repeat-spacer array is transcribed into RNA 11, [25] [26] [27] . For other repeat groups, evidence for RNA secondary structures is lacking. Apart from the structural feature, many repeats have a conserved 3′ terminus of GAAA(C/G). Both the structural features and the conserved 3′ motif have been suggested to act as binding sites for one or more of the CRISPR-associated proteins 11 .
Spacers. In any CRISPR system, spacers are generally unique, with a few exceptions that are thought to have resulted from segmental duplications 12 . Similarity searches of various CRISPRs consistently showed that many spacers frequently match, with high sequence identity, to phages and other extrachromosomal elements 16, [18] [19] [20] 27 . Mojica and co-workers 18 studied 4,500 spacers from 67 microbial strains; 88 (2%) were similar to known sequences, and of these, more than 60% were similar to a sequence that is found within a known phage or plasmid. Comparable numbers were reported in a separate study in which 2,156 spacers were examined 20 . The observation that only 2% of all spacers match any known sequence presumably reflects the general under-sampling of phage-sequence space, and is in agreement with recent estimates of huge untapped phage environmental diversity 28 . Indeed, in lactic acid bacteria, such as Streptococcus thermophilus, for which more than a dozen phage genomes have been isolated and sequenced, approximately 40% of the spacers had a homologue matching either phage (75%) or plasmid (20%) sequences 20 . Spacers seem to be evenly distributed across the phage genomes and are derived both from the sense (coding) and antisense (non-coding) orientations 18, 19, 21, 27 , although one report suggested that there is a preference for spacers to be derived from one strand of the phage 20 . Two recent studies have reported that a short motif is present in phage genomes 1-2 nucleotides downstream of spacer-matching sequences 22, 23 . This motif was proposed to be important for the recognition, or cleavage, of phage sequences by the CRISPR system. The recognition motif can vary between CRISPR systems, being AGAA and GGNG for the spacers found in the CRISPR1 and CRISPR3 loci of S. thermophilus, respectively.
Leader.
A sequence of up to 550 bp is located 5′ to most CRISPR loci, directly adjoining the first repeat 14, 27 . This common sequence has been denoted the 'leader' and is usually AT-rich 14 . Similar to repeats, leaders lack an open reading frame and are generally not conserved between species; however, if several CRISPR loci are found in the same chromosome their leaders can be conserved 8, 29, 30 . A new repeat-spacer unit is almost always added to the CRISPR array between the leader and the previous unit, which suggests that the leader could function as a recognition sequence for the addition of new spacers 19, 21 . The leader has also been suggested to act as the promoter of the transcribed CRISPR array, as it is found directly upstream of the first repeat 25, 26 . CAS genes. Two recent studies have characterized the large set of gene families that is associated with CRISPR arrays 16, 17 , and therefore, in this Review, only the general features of these genes are discussed. CRISPR systems have been divided into 7 or 8 subtypes; each subtype contains 2-6 different subtype-specific CAS genes. In addition, six core CAS genes (cas1-6) are associated with multiple subtypes, although the identity of cas5 and cas6 has not been agreed upon 16, 17 . The cas1 gene (NCBI CoGs database code: CoG1518) is especially noteworthy, as it serves as a universal marker of the CRISPR system (linked to all CRISPR systems except for that of Pyrococcus abyssii 16 ). Additional genes that are more loosely associated with CRISPRs, such as members of the repeat associated mysterious protein (RAMP) 15, 17 Figure 1 | criSPr structure and function. a | Typical structure of a clustered, regularly interspaced short palindromic repeat (CRISPR) locus. b | CRISPRs acquire phage-derived spacers that provide immunity. Following an attack by a phage, phage nucleic acids proliferate in the cell and new particles are produced, leading to the death of the majority of the sensitive bacteria. A small number of bacteria acquire phage-derived spacers (marked by an asterisk), leading to survival, presumably by CRISPRmediated degradation of phage mRNA or DNA. c | Putative, simplified model for CRISPR action. The repeat-spacer array is transcribed into a long RNA, and the repeats assume a secondary structure. Cas proteins recognize the sequence or structure of the repeats and process the RNA to produce small RNAs (sRNAs), each of which contains a spacer and two half repeats. The sRNAs, complexed with additional Cas proteins, base pair with phage nucleic acids, leading to their degradation. Putatively, this process is mediated by one or more of the Cas proteins. CAS, CRISPR-associated.
superfamily, occur only in genomes that contain CRISPR systems, but not necessarily near the CRISPR. Specific functional domains identified in Cas proteins include endonuclease and exonuclease domains, helicases, RNA-and DNA-binding domains, and domains that are involved in transcription regulation 14, 16, 17, 31 .
CRISPR is an antiphage defence system Recently, Barrangou and co-workers 21 demonstrated experimentally that, in response to phage infection, bacteria integrate new spacers that are derived from phage genomic sequences, which results in CRISPR-mediated phage resistance (FIG. 1) . These authors infected S. thermophilus with two different phages and recovered nine phage-resistant mutants. By sequencing the CRISPR1 locus, they showed that each of the phage-resistant mutants had independently acquired between one and four new repeat-spacer units at the leader-proximal end of the array, and that, in all cases, the spacers were derived from the genome of the challenging phage. If a spacer matched the phage sequence exactly (100% identity), the mutant was found to be phage resistant, but if one or more nucleotide changes were detected between the spacer and the phage sequence, bacteria were found to be phage-sensitive. Barrangou and colleagues 21 then inserted these resistance-conferring spacers into the CRISPR array of a phage-sensitive S. thermophilus strain, thereby causing it to become phage-resistant; finally, deletion of the acquired spacers caused the strain to become sensitive again.
Together, these results showed that inclusion of phage-derived spacers in CRISPR arrays confers resistance to phages. Interestingly, Barrangou and co-workers 21 noted that a small population of phages retained the ability to infect the resistant mutants. Further sequencing of the phage genomes revealed that the phages had mutated, so that their sequence was no longer identical to the spacers. Resistant phages that shared identical sequences with the spacers were also isolated, but the AGAA downstream recognition motif was mutated in their genome, which further strengthens the hypothesis that this motif is important for CRISPR function 22 . The selective pressure that is imposed by CRISPR on phages, therefore, leads to rapid changes in their genomes, and provides a glimpse into how CRISPR might be involved in driving the extremely high evolutionary rates that are observed in phages.
To begin to study the protein machinery that drives CRISPR function, Barrangou ) retained phage resistance if their CRISPR contained a phage-matching spacer, but were impaired in their ability to develop resistance to new phages, which might point to a role for this gene in acquiring new spacers 21 .
A model for CRISPR activity
The exact mechanism by which CRISPR systems silence extrachromosomal DNA is not known, but a key observation was made by Tang and co-workers 25, 26 who found, in 17 for each available microbial genome. Among these tools, CRISPRdb is particularly notable as, apart from containing an automatically updated database of CRISPR arrays from published genomes (currently ~700 arrays in 232 genomes), it also provides various analysis tools that allow the extraction and alignment of specific repeats and spacers, as well as the flanking leader sequences. Despite this recent proliferation of tools for CRISPR analysis, there is still a need for tools that allow the combined analysis of CRISPRassociated (CAS) genes and CRISPRs, because most tools either focus on the repeat arrays or the related CAS genes. Reports that show the association between specific repeat types and specific CAS subsystems 11 highlight the need for such a combined web resource. species of Archaeoglobus and Sulfolobus, that the repeat-spacer array is transcribed into a single transcript, which is further processed into small RNA units, each of which is the size of a repeat plus a spacer. The cleavage position seems to reside in the middle of the repeat, which suggests that the processed small-RNA (sRNA) unit corresponds to a full spacer that is flanked by two half repeats (FIG. 1c) . The existence of palindromic motifs within many repeats might indicate that the two half repeats attach to each other, with the spacer forming a loop. The observation that CRISPRs are processed into sRNAs, as well as the assemblage of DNA-and RNA-manipulating protein domains within CAS genes, has led Makarova and colleagues 16 to suggest that CRISPR functions by an RNA-silencing (RNA interference (RNAi))-like mechanism. This mechanism has been well-characterized for its function as a defence against RNA viruses and transposable elements in eukaryotes 32 . In eukaryotic RNAi systems, long, double-stranded RNAs (dsRNA) of viruses are processed by a protein that is called Dicer into small interfering RNAs (siRNAs) that are 21-22 bp long. These siRNAs are converted into single strands by the RNA-induced silencing protein complex (RISC), and the RISC-siRNA complex identifies viral mRNAs by base pairing, leading to their degradation by another nuclease-denoted Slicer 33 . According to the RNAi hypothesis, the processed CRISPR spacers function as the microbial analogues of siRNAs. They bind to a RISC-like complex which comprises Cas proteins, and recognize the mRNA that is expressed from the foreign element by base-pairing, which results in subsequent degradation of the mRNA by other Cas proteins. Makarova and colleagues 16 further proposed that cas3, a protein that contains a helicase domain fused to an HD-nuclease domain, functions as the analogue of dicer and processes the transcribed repeat-spacer array into siRNAs. cas4, which encodes a RecB-like nuclease, was suggested to be the analogue of slicer 16 . A complication to this hypothesis stems from the observation that spacers can originate both from the sense and antisense strands of phage open reading frames 21 ; a possible solution is that the spacers are first converted into dsRNA so that both strands participate in silencing 16 . Indeed, lillestøl and colleagues 27 detected RNA transcripts that correspond to both strands of the CRISPR repeats in Sulfolobus acidocaldarius.
Evolution of CRISPR systems CRISPR arrays can rapidly evolve, and CRISPR regions are often hypervariable between otherwise closely related strains 19 . A recent study revealed that in a nearly clonal population of a Leptospirillum species, which was identified by metagenomics in an acidophilic microbial biofilm, evolution of the spacer collection in CRISPR regions was fast enough to promote cell individuality 34 .
As new spacers are almost always inserted at the 5′ end of the cluster next to the leader, the 'older' spacers (having greatest distance from the leader) are frequently common between isolates, whereas newer spacers are unique 19 . The deletion of repeat-spacer units is also frequently observed, which is necessary to prevent over-inflation of the CRISPR locus 12, 19, 22, 23 ; however, it is not clear whether such deletions occur actively or owing to passive homologous recombination. Rare duplications of repeat-spacer units were also observed 12 . on a higher evolutionary scale, CRISPR systems also greatly diversify. As indicated above, the repeats tend to vary between distantly related species, but exceptions are often noted. For example, the arrays in E. coli and Mycobacterium avium contain similar repeats, although these two organisms belong to different bacterial phyla 14 . This has been explained by horizontal gene transfer of CRISPR systems between organisms, a hypothesis that is supported by the phylogenetic trees of core CAS genes 16, 17, 24 . Gene transfer has been suggested to be mediated by megaplasmids, based on the identification of ten such plasmids that carry CRISPR arrays 24, 35 . Interestingly, a CRISPR array was also found within a Clostridium difficile prophage, and it was suggested that the phage uses the CRISPR to limit the dispersal of competing phages 36 .
Current and future applications Strain typing. More than a decade before it was discovered that CRISPRs confer resistance to phages, Groenen and colleagues 37 had noticed that these loci are among the most rapidly evolving structures in the genome of M. tuberculosis, with strains varying in the number of repeats and the presence or absence of specific spacers. Based on this observation, Kamerbeek and colleagues 38 developed the spacer-oligotyping (also called spoligotyping) method for strain detection. In this method, probes for specific spacers are covalently bound to a membrane and hybridization patterns of labelled PCR products, which are primed from the CRISPR repeats, are measured (FIG. 2a) .
This has become the standard method for genotyping M. tuberculosis strains as part of ongoing efforts to control tuberculosis outbreaks 39, 40 , and is also used for the typing of Corynebacterium diphtheriae 41 . Nonspoligotyping-based methods for strain typing using CRISPR arrays have been used to study Campylobacter jejuni, Thermotoga neapolitana and other bacterial strains 42, 43 , and Russell and colleagues recently filed a patent application on CRISPR-based methods to type Lactobacillus spp. strains 44 .
Engineered defence against viruses. Many industries that are reliant on bacteria, such as the dairy and wine industries, are concerned about phage infection. owing to the high costs that are associated with phagemediated culture losses, the dairy industry invests heavily in efforts to combat phage infection of dairy bacteria 3 . CRISPRs might offer a partial solution to this problem -by artificially adding spacers that are derived from conserved regions of known phages to the CRISPR array of industrial bacteria, manufacturers could boost the immunity of their starter cultures against known phages (FIG. 2b) . A recent patent application based on this concept has been filed by Horvath and colleagues 45 .
Selective silencing of endogenous genes.
As noted above, it has been proposed that the CRISPR system is analogous to the eukaryotic RNAi system and that the spacers function as prokaryotic siRNAs by base-pairing with foreign mRNAs and promoting their degradation 16 . Should this hypothesis be confirmed, then manipulated CRISPR systems could revolutionize microbial-physiology research, as they would allow selective gene knockdown without manipulation of the original microbial genome. Instead of knocking out the gene of interest, which is usually labour intensive, the same effect could be achieved by transforming a CRISPR-bearing plasmid into the organism of choice, with one of the spacers being changed to match the studied gene (FIG. 2c) . Moreover, the array nature of CRISPRs could allow the simultaneous knockdown of multiple endogenous genes. Similar RNAi-based applications have revolutionized eukaryotic genetic studies; we envisage that CRISPRs would have a similar impact in the field of microbial genetics.
Outlook
Despite the recent advances in understanding the role of CRISPRs in microbial genomes, the mechanisms that underlie CRISPR function are uncharacterized and the current hypotheses mainly rely on educated guesses that are based on bioinformatic analyses. Fundamental questions, such as how new spacers are selected and inserted, how silencing of foreign DNA and RNA is achieved and whether different CRISPR systems contain different functionalities, are all expected to be addressed in the near future by the growing number of groups who are studying this system. other questions that could be addressed in the future, following extensive research on the system, are discussed below.
The widespread occurrence of CRISPR systems in nearly half of all sequenced bacterial genomes points to their efficiency in providing protection against phage attacks. However, phages are the most abundant biological entities on Earth 1, 46 , and so it is plausible that phages have evolved various mechanisms to escape or inhibit CRISPRs. In fact, the high rates of evolution that are observed in CRISPR repeats and their associated proteins indicate that an 'arms race' between phages and CRISPR systems might be occurring, in which mutations in the CRISPR systems mediate escape from CRISPR shut-down mechanisms that are encoded by phages. If this hypothesis is correct, we would expect reports of phageencoded anti-CRISPR systems. Hints that such a system exists can be found in the report by Peng and co-workers 47 , in which they describe a Sulfolobus protein that specifically binds to the CRISPR DNA and induces an opening of the structure near the centre of the repeat. we performed a homology search of this protein against all available microbial genomes, and found that its homologues are mainly found in bacterial prophages (Sorek R., unpublished observations). we therefore propose that this protein might constitute part of an anti-CRISPR system that is encoded by phages; its exact role in this system is unknown.
The proposed analogy between the CRISPR system and eukaryotic RNAi raises another possible important role for CRISPRs. In eukaryotes, RNAi functions both in silencing foreign elements through siRNAs, as well as endogenous gene regulation through genome-encoded micro-RNAs. Analogously, it is possible that CRISPR systems regulate endogenous functions in different bacteria. Indeed, 7-35% of the spacers found in CRISPR arrays have homologues in the chromosomal DNA, which may indicate that CRISPR is being used to regulate the expression of chromosomally derived genes 18, 20, 23 . Moreover, the devTRS operon in Myxococcus xanthus, which encodes genes that are essential for spore differentiation (a and b) are designed from the repeat region to amplify the clustered, regularly interspaced short palindromic repeat (CRISPR) array. Probes that match known spacers are printed on a membrane, and the amplified products for each isolate are hybridized. Black boxes represent the presence of a spacer and white boxes represent the absence of a spacer. Isolates 1 and 3 belong to the same strain, and isolates 2, 6 and 7 belong to the same strain. b | engineering of phage resistance into sensitive industrial bacteria. Sequences from known phages are inserted as spacers into a CRISPR array and the CRISPR system is then transformed into bacteria. c | Silencing of endogenous genes as an alternative to knockout methods. Fragments from a chromosome-encoded gene (green) are engineered into a CRISPR array as spacers. If, as suggested, the CRISPR system indeed functions by the silencing of RNA inside fruiting bodies, is co-transcribed within a CRISPR operon, with DevS being a bona fide Cas5 protein 17, 48 . This might be an example of a CRISPR system that regulates an endogenous mechanism.
Conclusions
Previously considered to be a simple family of repetitive elements, the CRISPR system has begun to take centre stage in our understanding of acquired phage resistance in prokaryotes. The widespread presence of this system in many bacterial and archaeal phyla, as well as its extreme diversity, suggest that it may be one of the most ancient antiviral defence systems in the microbial world 16 . Future studies are expected to define how CRISPR functions and elucidate the role of this system in host-phage co-evolution.
